Abstract Plasma lipid and lipoprotein in general reflect the complex influences of multiple genetic loci, for instance, even familial hypercholesterolemia (FH), a representative example of monogenic hyperlipidemia, often presents with phenotypic heterogeneity. In the course of investigating familial coronary artery disease in Utah, we studied 160 members of an eight-generation extended family of FH in which 69 members were affected with type IIa hyperlipoproteinemia (HLPIIa; high plasma cholesterol) and ten with type IIb hyperlipoproteinemia (HLPIIb; high plasma cholesterol as well as plasma triglyceride). Soluble epoxide hydrolase (EPHX2, sEH) plays a role in disposition of epoxides in plasma lipoprotein particles. Intrafamilial correlation analysis of the modifier effect of Glu287Arg substitution in the EPHX2 gene was carried out among 79 LDLR mutation carriers and 81 noncarriers. In the carriers, plasma cholesterol levels were elevated among carriers of the 287Arg allele (mean±SD=358 ± 72 mg/dl) in comparison with 287Glu homozygotes (mean±SD=302 ± 72 mg/dl) (p=0.0087). Similarly, in the LDLR mutation carriers, the plasma triglyceride levels were elevated among carriers of the 287Arg allele (mean ± SD=260 ± 100 mg/dl) in comparison with 287Glu homozygotes (mean ± SD= 169 ± 83 mg/dl) (p=0.020). No such gene-interactive effect was observed among noncarriers of the LDLR mutation. Half of the patients who presented with HLPIIb had inherited a defective LDLR allele as well as an EPHX2-287Arg allele, whereas the majority who presented with HLPIIa had a defective LDLR allele but not an EPHX2-287Arg allele. These results indicate a significant modification of the phenotype of FH with defective LDLR allele by EPHX2-287Arg variation in our studied kindred.
Introduction
Hyperlipoproteinemia is one of the most important predictors of cardiovascular diseases determined by genetic risk factors as well as environmental factors (Hegele, 2001) . Clarification of the genetic risk factors is essential for diagnosis, prevention, and early effective treatment of hyperlipidemias. The most prominent form of genetic hyperlipoproteinemia is familial hypercholesterolemia (FH), a common autosomal dominant disorder of lipoprotein metabolism with the prevalence of 1/500 in the general population, and is at high risk of cardiovascular disease (Matsuzawa et al., 1995; Mabuchi et al., 1989) . Defects in the gene coding LDL receptor (LDLR) result in disturbed clearance of low-density lipoprotein cholesterol (LDL-C) because of impaired hepatic LDL receptor function. In heterozygous FH patients, an elevated level of the serum LDL-C is the characteristic criterion for diagnosis. FH patients often present with phenotypic heterogeneity, as plasma cholesterol levels can vary widely within the same pedigree; they may show increased plasma levels of triglyceride-rich lipoproteins in a variable spectrum that depends on segregation of other genetic loci. Potential influences of additional genetic factors on the variability and the severity of FH, such as modifier genes interacting with the LDLR mutation, have been assumed but rarely demonstrated Hopkins et al., 1991) .
In the course of investigating familial coronary artery disease in Utah, we ascertained an eight-generation FH pedigree consisting of 1,135 members; DNA were available from 160 members. This pedigree displayed varieties of clinical phenotypes and therefore provided an opportunity to dissect a variety of phenotype in FH by analyzing genetic variations at not only the LDLR locus but also at loci of other genes modifying the phenotype. Accumulating evidences derived from clinical, epidemiological, and experimental studies suggest that phenotypic variation of human diseases reflect the influence of complex genetic loci, often referred to as modifier loci, a trait that is mostly traced by segregation of alleles defined by single nucleotide polymorphisms (SNPs) (Shastry et al., 2002) . In the present study, we focused on analyzing the potential effect of SNP in the EPHX2 gene because it plays in disposition of epoxides in plasma lipoprotein particles.
Materials and methods

Family and subjects
A total of 160 members of a large FH pedigree (K653) were selected through the University of Utah Cardiovascular Genetics Research Clinic. This pedigree as a whole includes eight generations and 1,135 documented individuals; the roots of the pedigree were determined from genealogical records. The founding parents were born in the 1790s in the state of Vermont, USA; they were married in 1813 and had 12 children, but the offspring of only four of those children (a total of 80 grandchildren) are included for epidemiological studies. Molecular screening for LDLR mutations in the members of K653 with clinically apparent FH led to identification of a novel splice-site mutation (IVS14+1 G>A) shared by the members who were affected with elevated LDL-C. This mutation results in an abruptly truncated LDLR protein, reducing functional LDLR activity by half in heterozygous carriers of the mutant allele . We collected blood samples and isolated DNA in a manner previously described (Nakazawa et al., 2001; Iida et al., 2002) . Among the 160 members tested, 79 carried the LDLR heterozygous mutation and 81 did not. The study was approved by the Institutional Review Boards of the University of Utah and the Nippon Medical School, and all participants provided informed consent.
Measurement of lipoproteins
Fasting blood samples were obtained from 160 individuals in the pedigree with informed consent. After a 12-16 h fast, a blood sample was collected and prepared for each family member. If lipids from multiple blood draws were available, the lipoprotein profile from the first clinic visit was taken as the lipoprotein phenotype. Lipid and lipoprotein concentrations were measured by procedures described previously . In brief, plasma cholesterol and triglyceride concentrations were assayed enzymatically, and concentrations of high-density lipoprotein cholesterol (HDL-C) were determined by the MgCl 2 dextran precipitation method . LDL was measured by ultracentrifugation after subtraction of HDL-C from HDL+LDL-C measured in the bottom fraction. These methods are routinely monitored and checked with both internal controls and standards supplied by the CDC Lipid Standardization Program.
Selection criteria of SNPs
We focused on all SNPs that accompany amino acid substitution (coding SNP, cSNP) and SNPs that locate in putative promoter region (regulatory SNP, rSNP) in the entire EPHX2 gene. The complete list of such SNPs are listed in Table 1 that describes nucleotide variation, amino acid variation, reference data base (JSNP and dbSNP), number of alleles in the studied Utah population and heterozygosity in that population. We examined SNPs whose heterozygosity exceeds 0.1 to obtain substantial statistic analytical power. Thus, out of the Q287R, S407I, and P550L listed in Table 1 , Q287R was elected for the present study.
Genotyping for SNPs in the EPHX2 gene PCR amplification of the polymorphism at the EPHX2 locus was performed using a condition described previously Yoshida et al., 2002) . Primer sequences used are as follows: Forward Primer: 5¢-CCTGGCATTC TGCAGACGCTG-3¢, Reverse Primer: 5¢-CTTGGAGCAT GAGCCTTAGGG )3¢. The surrounding sequence of the amino acid-substituting SNP in the EPHX2 gene, i.e., polymorphic nucleotides A or G in codons Glu287Arg (cAg/cGg) as well as primer sequences and experimental condition were obtained from published reports (Haga et al., 2002) . SNP genotyping was performed by Invader assay (Third Wave Technologies. Madison, WI, USA) using PCR products of the flanking sequence and probes of the Invader assay designed and synthesized by the supplier (Ohnishi et al., 2001 ).
Statistical analysis
Plasma levels of lipoproteins were adjusted by gender and ages of the subjects. Coefficients of skewness and kurtosis were calculated to test a deviation from a normal distribution. Because the clinical and biochemical traits in each genotypic group did not always distribute normally, we applied the nonparametric Mann-Whitney test to compare those traits among groups divided by a single SNP (Fujiwara et al., 2002) . FisherÕs exact test was used to compare differences in the prevalence of type IIb hyperlipoproteinemia (HLPIIb) among the subgroups of the LDLR mutant carriers classified by relevant genotypes. Chi-square tests were invoked to detect Hardy-Weinberg equilibrium using the InStat 3 software package for Windows (GraphPad Software, San Diego, CA, USA).
Results
In the course of familial investigations of coronary artery disease, we identified an extended kinship consisting of 1,135 members, among whom a point mutation at the splice junction of intron 14 (IVS14+1 G>A) in the LDLR gene was detected . Mutation screening of 160 members of an extended FH kinship (K653) segregating the splice junction mutation detected 79 heterozygous carriers and 81 noncarriers of LDLR mutation among members whose genomic DNA was available.
As a part of a search for loci that might modify the defective LDLR locus, we carried out an intrafamilial correlation analysis of the potential effect of SNPs in the EPHX2 gene among 79 LDLR mutation carriers and 81 noncarriers in the test group from K653 (Table 2) . We genotyped all subjects for the Glu287Arg variation (i.e., SNP; A or G in codon cAg or cGg substituting 287 th Glu to Arg). No deviation of genotype frequencies was detected from the Hardy-Weinberg equilibrium; no 287Arg homozygous were present in our study subjects.
In the LDLR mutation carriers, the plasma cholesterol levels were elevated among carriers of the 287Arg allele (mean ± SD=358 ± 72 mg/dl) in comparison with 287Glu homozygotes (mean ± SD=302 ± 72 mg/ dl) (p=0.0087, Mann-Whitney test) (Table 2, Fig. 1) . Similarly, in the LDLR mutation carriers, the plasma triglyceride levels were elevated among carriers of 287Arg allele (mean ± SD=260 ± 101 mg/dl) in comparison with 287Glu homozygotes (mean ± SD=169 ± 83 mg/dl) (p=0.020) (Table 2, Fig. 2 ). EPHX2-287Arg allele had similar elevating effects on LDL-C and VLDL-C, though it did not reach statistical significance. No such gene-interactive effect was observed among noncarriers of the LDLR mutation.
We classified the subjects into four genetic categories based on combinations of the LDLR mutation status and the EPHX2-287Glu/Arg variation status (Table 2) . Mean plasma total-cholesterol levels in the two groups of LDLR mutation carriers were significantly higher than in the other two groups, as expected. In addition, the group of 18 subjects who carried both mutant LDLR and EPHX2-287Arg alleles showed remarkably higher mean values for plasma triglyceride than the other three groups (p= 0.032). HDL-C levels were identical among all four groups. These data suggested an interactive effect of the EPHX2-287Arg allele as to elevation of plasma triglyceride levels among carriers of defective LDLR alleles. No modifying effect was observed among noncarriers of the LDLR mutation, and no significant differences in age or gender were observed among the three genotypic categories of LDLR mutation carriers. Since the data presented here suggested involvement of at least two genetic loci, LDLR and EPHX2, in expression of the HLPIIb phenotype in this FH pedigree, we carried out a segregation analysis of members manifesting type IIa hyperlipoproteinemia (HLPIIa) and those manifesting HLPIIb with respect to inheritance of defective or normal alleles of the LDLR locus and 287Glu or 287Arg alleles of EPHX2 locus. A representative portion of the pedigree is shown in Fig. 3 , in which lipoprotein phenotypes and genotypes for the LDLR and EPHX2 loci are symbolized for each member. HLPIIa was defined as an LDL-C level above the 90th percentile of reference values for age and gender (LDL-C >141 mg/dl) after age and gender adjustment; HLPIIb was defined as a phenotype of both LDL-C and triglyceride levels above the respective 90th percentiles (triglyceride >288 mg/dl after age and gender adjustment) (Hegele et al., 2001 ). These criteria classified 69 carriers of the LDLR mutation as having HLPIIa and ten as having HLPIIb.
Half (5/10 cases) of the patients who presented with HLPIIb had inherited a defective LDLR allele as well as an EPHX2-287Arg allele, whereas the majority (56/69 cases) who presented with HLPIIa had a defective LDLR allele but not an EPHX2-287Glu allele.
Discussion
Phenotypic variation among FH patients appears to be influenced by multiple environmental and genetic factors (Hegele et al., 2001) . Lifestyle variations among patients in physical exercises, control of food calorie intake, psychological awareness of the disease, and compliance, including medications, must have influenced lipoprotein variations among individuals belonging to a specific genotype group. In addition, other unidentified genetic modifiers might have caused variability among the patients (Cullen et al., 1997) . In addition to the primary physiologic effects of lipoprotein lipase (LPL) and cholesterol ester transfer protein (CETP), attention has been focused recently on the influence of these molecules on plasma lipoprotein levels in carriers of mutant LDLR alleles (Pimstone, et al., 1995 , Haraki et al., 1997 , Wittekoek et al., 1998 . Moreover, variation in the microsomal triglyceride transfer protein gene (MTP) also influences lipoprotein phenotype of FH patients (Lundahl et al., 2000) . These facts imply a complex etiology of hyperlipidemia involving heterogeneity at a variety of loci even in FH patients.
In the present study, we showed that a large portion of HLPIIb patients in an FH kindred had inherited variant alleles at two genetic loci, LDLR and EPHX2. Fig. 2 Correlation between plasma triglyceride level and the variation of the EPHX2 polymorphic nucleotides A or G in codons Glu287Arg (cAg/ cGg) genotype. Triglyceride level between two genotypic categories of Glu/Glu and Glu/ Arg were analyzed both among LDLR mutation carriers and among nonmutation carriers. Bars represent the mean values. Error bars indicate standard error (SE). P values are given by Mann-Whitney test. ns not significant An intrafamilial association study using 160 subjects from this large pedigree demonstrated an interaction between the defective LDLR allele and a specific 287Arg allele in the EPHX2 gene, resulting in a marked increase in plasma cholesterol and triglycerides. The high prevalence of hypertriglyceridemia among LDLR mutation carriers with EPHX2 287Arg alleles is in striking contrast to the scarceness of hypertriglyceridemia among the others. No such effect was observed among noncarriers of the LDLR mutation, indicating an interacting effect of the LDLR mutation and the EPHX2 variation.
We previously described a striking LDL-C-lowering effect of a defective apo B allele observed in LDLR carriers; we have previously described LDLR mutation carriers in an FH pedigree who had normal cholesterol level with coinheritance of a truncated apo B . Moreover, we previously showed in four other extended FH pedigrees with complex lipoprotein phenotypes that elevated LDL-C concentrations also were due to defective LDLR genes, and that HLPIII occurred among individuals who had inherited a defective LDLR allele along with a defective allele of the apolipoprotein E gene (apoE2). The latter mutation had a striking effect on remnant accumulation expressed as the VLDL cholesterol-to-triglyceride ratio in plasma, but only among individuals who also carried defective LDLR alleles Hopkins et al., 1991) . That study provided an early example of genetic interactions resulting in manifestation of a separate lipoprotein profile. More recently, we observed modification of the phenotype of FH by apo A-II gene variation .
Peroxisome proliferator-activated receptor c (PPARc) plays central roles in lipid metabolism and glucose homeostasis; 15-deoxy-D 12,14 -prostaglandin J 2 (15d-PGJ 2 ), is its endogenous ligand and is a derivative of epoxides that include arachidonic acids, eicosapentaenoic acids, and epoxyeicosatrienoic acids (EETs) (Rosen et al., 1999) . These bioactive molecules are hydroxylated by soluble epoxide hydrolase (sEH) in liver, an enzyme directing the functional disposition of a variety of epoxides. Thus, the pharmacological attenuation of sEH activity causes secondary increase in epoxide levels as well as variety of subsequent reactions. The 15d-PGJ 2 , being a high-affinity ligand of PPARc, is essential for adipocyte differentiation and lipid metabolism through leptin (Hollenberg et al., 1997) . Variation of sEH activity may modify plasma 15d-PGJ 2 levels and affect lipid metabolism through PPARc activation. Another type of EET, eicosapentaenoic acid, regulates triglyceride synthesis (Wang et al., 1993 , Kurokawa et al., 1995 , Rustan et al., 1988 . Relationships between these epoxides and the lipoprotein phenotype of patients should be clarified in the future study. The EPHX2 gene is expressed predominantly in the liver, intestine, and kidney and at minimal levels in heart and testis, lung, brain, and spleen in humans. Although we aimed to carry out enzymatic and protein mass assay for EPHX2 protein in the population, we were unable to do such analyses because biopsy specimens of liver, intestine, or kidney were unavailable from family members of the present kindred. The EPHX2 Glu287Arg variation itself may have direct effect in the EPHX2 function; however, the possibility of the presence of other unidentified functional variants in linkage disequilibrium can not be ruled out at present, as well as the effect of variations in other yet unidentified gene adjacent to the EPHX2 gene.
In summary, we identified a novel gene-gene interaction influencing clinical phenotype of FH by investigating a large family for molecular defects at two loci. HapMap initiative is now in progress among the international consortium. Haplotypic knowledge of the human genome will help clarify the contribution of the EPHX2 gene in lipid profile through detailed haplotype association study in the near future. Our study illustrates the feasibility of analyzing interactions among multiple loci as an approach to the etiology of complex metabolic diseases. Indeed, we expect that the effects of multiple genes, both additive and interactive, will eventually prove to be responsible for many cases of common, inherited, mixed dyslipidemias (Lalouel et al., 2001) . Further study will lead to better understandings of regulatory systems of plasma lipid metabolism and identification of new investigation targets in the treatment of hyperlipidemic patients.
